Abstract: The conventional method for creating targeted contrast agents is to conjugate separate targeting and fluorophore domains. A new strategy is based on the incorporation of targeting moieties into the non-delocalized structure of pentamethine and heptamethine indocyanines. Using the known affinity of phosphonates for bone minerals in a model system, two families of bifunctional molecules that target bone without requiring a traditional bisphosphonate are synthesized. With peak fluorescence emissions at approximately 700 or 800 nm, these molecules can be used for fluorescence-assisted resection and exploration (FLARE) dual-channel imaging. Longitudinal FLARE studies in mice demonstrate that phosphonated near-infrared fluorophores remain stable in bone for over five weeks, and histological analysis confirms their incorporation into the bone matrix. Taken together, a new strategy for creating ultra-compact, targeted near-infrared fluorophores for various bioimaging applications is described.
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Near-infrared (NIR) fluorescence imaging of bone minerals, as first introduced in 2001, [1] required the covalent conjugation of a bisphosphonate or other bone-targeting ligand [2] [3] [4] to an NIR fluorophore, creating a bifunctional molecule for biomedical imaging. [4] Although preparativescale synthesis, [5] hybrid optical/nuclear agents, [6] and various clinical applications [7, 8] of these molecules were subsequently described, the basic chemical strategy remained unaltered.
However, the resonance properties of pentamethine and heptamethine indocyanines are not affected by a host of substituent modifications, which have little or no effect on the optical performance of the fluorophore. [2, 3] We therefore hypothesized that several copies of a small substituent (ligand) that displays low affinities for a target tissue on its own could be incorporated into the polymethine cyanine core (a fluorophore) in such a way as to generate a final molecule with both high-affinity targeting and NIR fluorescence (i.e., a targeted contrast agent). [9] [10] [11] Herein, we explored this hypothesis by using the phosphonate group as the primary modification and also studied the ability of other substituents, such as sulfonates, to modify the performance of the final molecules.
As shown in Figure 1 a, four types of phosphonated NIR fluorophores were prepared from a pentamethine core for 700 nm fluorescence and a heptamethine core for 800 nm fluorescence, with the addition of sulfonates as indicated. The synthetic methods for P700 and P800 were slightly modified from the cGMP synthesis of ZW800-1, which was reported previously by our group. [12, 13] Prior to measurement of optical properties and in vivo performance, each NIR fluorophore was purified to ! 95 % as measured using 210 nm absorbance (Supporting Information, Figure S1 ). The physicochemical and optical properties of all NIR fluorophores are summarized in Figure 1 b. By varying the side chains of the polymethine core, it was possible to systematically modify hydrophobicity, polarity, and electron-resonance properties without affecting the optical performance. Energy-minimized 3D structures showed similar distributions of charge and hydrophobicity over the molecular surface.
The specificity of these new NIR fluorophores for the biologically important calcium salts hydroxyapatite (HA), calcium carbonate (CC), calcium phosphate (CP), calcium oxalate (CO), and calcium pyrophosphate (CPP) was measured. As shown in Figure 2 , all of the P700 and P800 fluorophores have a strong affinity for HA, but specificity was significantly different for molecules with additional sulfonates attached. In particular, a high affinity for CP, roughly equal to that for HA, was seen with P700SO3 and P800SO3, but not with P700H and P800H. Although the synergy of sulfonates with phosphonates for bone bonding is not well understood, sulfonate groups improve solubility in aqueous media and increase the ionization of hydroxy groups on the fluorophore because of strong electron-withdrawing effects. [14] One hypothesis is that two phenyl sulfonate groups bind a calcium ion by salt formation whereas the phosphonate group competes with serum phosphate ions and serves as a monodentate ligand for calcium binding. [15] To explore bone targeting in vivo, phosphonated NIR fluorophores were administered intravenously into mice, and their biodistribution and clearance were measured over 4 and 24 hours. As shown in Figure 3 a and 3 b, P700H and P800H exhibited hepatic clearance from liver to the duodenum, whereas P700SO3 and P800SO3 were eliminated from the body by renal clearance into urine without nonspecific uptake by non-bone tissues and organs because of their low log D (distribution coefficient) values and high polarity. [12] At 24 hours post-injection, all P700 and P800 NIR fluorophores had been eliminated from the body, and only the bone signal was evident. Interestingly, P700SO3 and P800SO3 showed longer blood half-lives (t 1/2b ; ca. 50 min) than P700H and P800H (26.6 min and 38.8 min, respectively; Table S1 ). These results highlight the effects of charge, hydrophobicity, and polarity of a targeted agent on its in vivo behavior. [12] As the bone targeting and biodistribution of P700SO3 and P800SO3 were most favorable, we selected these sulfonated fluorophores for further evaluation and optimization. To determine the dose of P700SO3 and P800SO3 that achieves the highest signal-to-background ratio (SBR), agents were intravenously administered in the range of 1 to 25 nmol and imaged at four hours post-injection. Although increasing the dose amplified the bone signal, there was diminishing return at higher doses because of increased background signal (Figure S2) .
To confirm that these agents performed well across several species, particularly large animals with tissues and organs the size of humans, we injected 1 mmol (0.03 mg kg À1 ) of P700SO3 and P800SO3 into 35 kg Yorkshire pigs. Both phosphonated NIR fluorophores resulted in intense signals for the bone at four hours postinjection with little nonspecific uptake by other tissues or organs (Figure 4) , whereas commercially available BoneTag agents showed intense background signals for the skin, liver, and kidneys ( Figure S3 ). The blood half-lives of P700SO3 and P800SO3 in pigs were 50.2 and 69.7 minutes, respectively, suggesting that an elimination period of 4-6 hours would be optimal in future human studies (Figure 4 b) .
We performed serial imaging of all NIR fluorophores in athymic nude mice over the course of five weeks. As shown in Figure 5 a, the fluorescence signals of P700SO3 and P800SO3 were two times more intense than those of P700H and P800 H. It is noteworthy that the SBR values for P700SO3 are lower than for P800SO3 because of skin autofluorescence in the 700 nm channel. Importantly, SBR values for the spine were stable over five weeks after a single intravenous injection (Figure S4) . Magnified bone images of sacrificed and de-skinned mice at five weeks post-injection revealed exquisite imaging of bone tissue (Figure 5 a) . Microscopic analysis of crosssectioned bones obtained at one day and five weeks postinjection revealed that P700SO3 and P800SO3 were stably incorporated into the bone matrix, with additional normal In this study, we hypothesized that chemical substituents with low affinity for a target tissue could be incorporated into the non-delocalized backbone of an NIR fluorophore to create a new contrast agent with high affinity. [16] Based on the results, this strategy appears to work well, at least with the phosphonate model system. We did, however, see significant modulation of the contrast-agent performance from additional side groups. The addition of sulfonate groups improved biodistribution and clearance, resulting in a more intense signal, lower background radiation, and improved elimination of unbound fluorophores from the body.
The improvement in SBR through sulfonation, however, came at the price of specificity. P700H and P800H bind calcium salts in a fashion that is most similar to that of a conventional bisphosphonate conjugated to a NIR fluorophore, [1, 5, 17, 18] i.e., high HA specificity. However, P700SO3 and P800SO3 exhibited strong binding to CP as well as HA. For in vivo imaging of bone and urinary crystals, [8, 19] CP binding might actually be an advantage, because otherwise, binding would be restricted to sites of osteoblastic activity. However, if HA specificity is the goal, then a conventional bisphosphonate-NIR fluorophore conjugate will be most suitable.
Importantly, the new molecules that are described in this study appear to be stably incorporated into the bone matrix without interfering with normal bone deposition (Figure 5 b) . In fact, NIR fluorescence of bone remained intact and stable for at least five weeks post-injection. This long-term stability could be ideal for tissue engineering experiments where neoossification needs to be followed for days and months. For studies of drugs that modulate either osteoblast or osteoclast activity, long-acting contrast agents would permit quantitative, ratiometric imaging of bone growth and resorption of minerals over time.
Finally, we purposely engineered a single carboxylic acid into each molecule, which permits conjugation to other functional molecules and therapeutics. For example, this chemical group could be used to attach drugs that modulate osteoblasts or osteoclasts or diagnostic or therapeutic radioisotopes, creating trifunctional theranostic agents. Furthermore, non-hormonal phosphonates increase bone strength, and repeated injections of this theranostic agent will improve bone density by preventing the loss of minerals. NIR fluorescence imaging system: The dual-NIR channel FLARE imaging system has previously been described in detail. [20] [21] [22] Herein, 670 nm excitation light (4 mW cm À2 ) and 760 nm excitation light (11 mW cm À2 ) were used with white light (400-650 nm) at 40 000 lx. Color and NIR fluorescence images were acquired simultaneously with custom software at rates of up to 15 Hz over a field of view with a diameter of 15 cm. The imaging system was positioned at a distance of 46 cm from the surgical field. For each experiment, camera exposure time and image normalization were held constant.
Quantitative analysis: At each time point, the fluorescence and background intensities of a region of interest (ROI) over each tissue were quantified using custom FLARE software. The signal-tobackground ratio (SBR) was calculated as SBR = fluorescence/background, where background is the signal intensity of neighboring tissues, such as muscle or skin, obtained over the imaging period. All NIR fluorescence images for a particular fluorophore were normalized identically for all conditions of an experiment. At least three animals were analyzed at each time point. Statistical analysis was carried out using the unpaired Students t-test or one-way analysis of variance (ANOVA). Results are presented as mean AE standard deviation, and curve fitting was performed using the Prism version 4.0a software (GraphPad, San Diego, CA).
Histology and NIR fluorescence microscopy: Bone tissues were placed in 2 % paraformaldehyde solutions in phosphate-buffered saline (PBS) for 30 minutes before mounting in Tissue-Tek OCT compound (Fisher Scientific, Pittsburgh, PA) and flash-freezing in liquid nitrogen. Frozen samples were cryosectioned (10 mm per slice), analyzed by NIR fluorescence microscopy, and also stained with hematoxylin and eosin (H&E). NIR fluorescence microscopy was performed on a 4-filter Nikon Eclipse TE300 microscope system as previously described. [9, 23, 24] The microscope was equipped with a 100 W mercury light source (Chiu Technical Corporation, Kings Park, NY), NIR-compatible optics, and a NIR-compatible 10X Plan Fluor objective lens and a 100X Plan Apo oil immersion objective lens (Nikon, Melville, NY). Images were acquired on an Orca-AG 
